Textile electrodes integrated into clothes are an innovative approach for mobile ECG monitoring. However, the lack of electrode fixation on the skin causes high susceptibility to artifacts due to movements and changing electrochemical characteristics of the textile electrodes. In this paper we compare different artifact removal approaches concerning their efficiency in realistic multichannel ECG recordings acquired with textile electrodes. We employed Principal Component Analysis (PCA) and Independent Component Analysis (ICA) in time and frequency domain using FastICA and Temporal Decorrelation Source Separation (TDSEP), respectively. Using textile electrodes comprising silver-coated fibers, five Einthoven-I-leads were acquired during walking, running and extensive breathing. Horizontally aligned electrodes each located on the left and right side of the shoulders, the chest and the back obtain the ECG signals. A reference signal was recorded using self-adhesive Ag/AgCl electrodes placed at the inner forearms enabling calculation of the correlation coefficient and the R-peak detection error. The methods using ICA enhance ECG recordings acquired with textile electrodes for all test conditions. TDSEP in the time domain obtains the best results and successfully removes artifacts in recordings of extensive breathing and walking. The results during running show considerable improvements but no complete artifact separation. In conclusion, ICA represents a promising approach for artifact reduction in multichannel ECG recordings acquired with textile electrodes.
Introduction
The evaluation of physical conditions of competitive athletes using physiological parameters is an established standard in sports medicine. Regular sports activity can increase the personal health, particularly strengthening the cardiovascular system [1] . Despite these advantages regular physical activity may be associated with an increased risk of Sudden Cardiac Death (SCD) [2] , and therefore the heart and the cardiovascular system are of special interest. Anatomical and physiological disorders imply an abnormal Electrocardiogram (ECG). Hence, ECG is an effective tool in identifying risk factors for SCD. However, recording the ECG with conventional measurement methods, i.e. using self-adhesive silver/silver chloride (Ag/AgCl) electrodes is not applicable during exercise because of the distracting movement and application time limitations. A novel approach to measure the electrical heart activity is the use of textile electrodes which include electrically conductive fibers to record the ECG from the body surface. Enabling acquisition of physiological parameters by integration of sensors in clothing has already been successfully achieved for several applications. Borges et al. [3] applied textile electrodes for ECG acquisition in pregnant women. Coosemans et al. [4] integrated woven stainless steel electrodes in a baby suit for continuous ECG monitoring for prevention of sudden infant death syndrome. Paradiso et al. [5] used conductive and piezoresistive yarns to measure simultaneously the ECG, the respiratory signal and the movement activity.
The use of electroconductive fibers has a number of advantages compared to self-adhesive electrodes. The wiring necessary to connect the electrodes to the measurement instrumentation is integrated into clothing and thus the ECG can be transmitted using wireless communication [3] [4] [5] [6] [7] or data logging on a small device [8] . 
Methods

Electrodes and Sensor Arrangement
Multichannel ECG recordings were acquired with textile electrodes comprising silver-coated synthetic fibers integrated in nonconductive fabrics. The size of each textile electrode is approximately 1.6 15 cm. The material is washable and allows multiple uses. Figure 1 shows an example of the textile electrodes used in this study.
Figure 1
Textile electrodes consisting of electroconductive fibers integrated in knitted fabrics.
In order to obtain five Einthoven-I-leads ten horizontally aligned electrodes were located on the left and right side of the shoulders, the chest and the back. A reference signal was recorded using self-adhesive Ag/AgCl electrodes placed at the inner forearms. Figure 2 illustrates this sensor arrangement. The patient ground was placed at the neck of the subject. 
Implementation
Applying multivariate statistics to the acquired multichannel ECG enables converting the input data into a more meaningful representation yielding a matrix , which contains components that may be associated with the ECG or the artifact signal, respectively. Neglecting the artifact components in before reconstructing the ECG signal results in an artifact-free ECG signal. Figure 3 schematically illustrates the use of multivariate statistics in artifact reduction for ECG recordings.
PCA and ICA were implemented in Matlab (Mathworks, Natick, USA) in order to determine . ICA was solved in both time and frequency domain using the FastICA algorithm [13] and the Temporal Decorrelation Source Separation (TDSEP) algorithm [14] . The number of iterations for the FastICA algorithm was limited to 200. TDSEP was executed with ten correlation matrices timedelayed by 2 ms each. The transformation from the time to the frequency domain was performed by applying a ShortTime Fourier Transform (STFT) with an FFT-length of 60 samples and a Hanning window of 117 ms and 90% overlap.
Figure 3
Procedure for artifact reduction in multichannel ECG recordings by applying multivariate statistics.
Identification of Artifact Components
After the input dataset has been transformed into a new representation, the artifact components need to be identified. Exploiting the morphological structure of the ECG the kurtosis as fourth-order moment of a probability density function (PDF) yields an objective classification parameter. Signals with a Gaussian distribution have (e.g. white noise). Castells et al. [15] showed that PDFs of ECG signals can be assumed to be super-Gaussian with high kurtosis values in the range of , considerably exceeding the values of noise and artifacts. Hence, components with high kurtosis values are assumed to correspond to the ECG signal. Thus, neglecting all other components removes both noise and artifacts and yields to an artifact-free ECG reconstruction.
Experimental Setup
Multichannel ECG recordings were acquired from a healthy male subject during extensive breathing, walking and running using the sensor arrangement shown in Figure 2 . The data was recorded using shielded wires connected to a multichannel amplifier (RefaExt, Advanced Neuro Technology B.V., Enschede, Netherlands) with a sampling rate of 512 Hz. The acquired ECG recordings were preprocessed in Matlab using a wavelet decomposition algorithm to remove baseline drift and wavelet denoising to reduce power-line interference and high-frequency noise. The artifact reduction procedure was applied to sections of the ECG recordings with 60 seconds length for each test condition and for interval lengths of two, five and ten seconds. In order to evaluate the performance of the individual techniques the sample correlation coefficient and the beat detection error were computed with respect to the ECG reference recording.
Beat detection was performed using the Pan-Tompkins algorithm [16] . Figure 4 shows the overall results for the correlation coefficient as boxplots according to the different test conditions. Additionally, the black cross indicates the mean value of the evaluated parameter. The methods using ICA enhance recordings acquired with textile electrodes for all test conditions with respect to the raw ECG signal. The PCA achieves an increase in the correlation to the reference signal for extensive breathing and walking but cannot enhance the raw ECG acquired during running. The results for the beat detection error closely correspond to the results for the correlation coefficient . The raw recording after signal conditioning is highly contaminated with motion artifacts considerably exceeding the ECG signal amplitude (Figure 5a ). Figure 5b depicts the ICA result using the TDSEP algorithm in the time domain. Comparison with the reference signal acquired with self-adhesive Ag/AgCl electrodes in Figure 5c shows the successful artifact reduction as a result of the TDSEP algorithm.
Figure 5
Artifact reduction with TDSEP for an ECG recording from the chest acquired during walking: a) artifact contaminated raw signal, b) signal after TDSEP application, and c) reference signal.
The different test conditions considerably influence the quality of the results. Increasing movement leads to decreasing correlation coefficients and increasing beat detection errors. Furthermore, the results show high dependence on the recording sites implying that the body movements may have a different impact on the signal acquisition at the individual electrode positions. Moreover, the number of channels included in the artifact reduction influences the results for all employed methods. Decreasing the channel number leads to decreasing performance of the artifact removal procedure. In contrast, the interval length does not show any influence on the results indicating that a signal length of two seconds is sufficient for artifact reduction with the investigated methods. 
Conclusion
Multivariate statistics combined with the temporal structure of the ECG signal, as utilized in TDSEP, allow extracting a reliable ECG from multichannel recordings acquired with textile electrodes even during extensive breathing or walking. For extensive physical activity it will be necessary to further optimize electrode positions and algorithm parameters in order to enable continuous mobile ECG monitoring with electroconductive textiles.
